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ARTICLE INFO ABSTRACT

Keywords: This study evaluated the effects of climatic conditions and three stunning techniques on the stress response,
Rambf’w trout sensibility state, and recovery ability of rainbow trout (Oncorhynchus mykiss). Stunning methods included ice-
Stunning water immersion (ICE) and two electric shock treatments combined with ice-water immersion (E200: 200 mA

Ice-water immersion
Electric stunning
Climatic conditions
Sensibility

Recovery ability

for 2's; E400: 400 mA for 0.5 s followed by 200 mA for 1.5s). Rainbow trout were exposed to these methods in
winter and summer to assess the impact of seasonality. Under winter conditions, fish in the ICE group retained
sensibility, whereas electrically stunned fish lost sensibility rapidly and remained insensible for an extended
period. In summer, the ICE group exhibited a gradual loss of sensibility, while fish in both the E200 and E400
groups became immediately insensible post-stunning. Blood cortisol levels were significantly higher in the ICE
group, indicating a stronger stress response, whereas electrically stunned fish had lower cortisol levels, likely due
to their immediate loss of sensibility. Markers of carbohydrate and lipid metabolism also reflected an intensified
mobilization during summer, highlighting the influence of seasonal variation. Regarding recovery ability, winter
conditions promoted higher recovery rates across all groups, with over 50 % of fish regaining sensibility. In
contrast, electrically stunned fish in summer demonstrated lower recovery rates, suggesting potential irrevers-
ibility of the stunning effect, while ice-water immersion preserved recovery ability. These findings underscore
the substantial impact of climatic conditions on stunning effectiveness and fish welfare in rainbow trout,
emphasizing the importance of adjusting stunning techniques according to seasonal temperature changes.

et al., 2023). The increased attention to fish welfare also reflects
growing recognition of fish as sentient beings, despite ongoing debate
around fish sentience due to structural differences in fish and terrestrial

1. Introduction

The welfare of farmed fish species has become an increasingly

important concern in aquaculture among consumers, scientific re-
searchers, and animal welfare regulators. Within this context, the
slaughter process is particularly significant, prompting the development
of general management guidelines and specific stunning-slaughter rec-
ommendations (EFSA, 2004; WOAH, 2024), including species-specific
protocols for rainbow trout (Oncorhynchus mykiss) (EFSA, 2009b). This
heightened focus stems from several factors. Aquaculture production
now exceeds wild fisheries in supplying seafood for human consumption
(APROMAR, 2024), and the number of fish slaughtered each year sur-
passes that of any other animal species, though precise counts are
challenging and typically estimated based on annual tonnage (Mood
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animal brains (Yue Cottee, 2012; Rose et al., 2013). Nonetheless, fish
have been shown to possess neuroanatomical structures associated with
nociception and pain perception, as evidenced by physiological and
behavioral responses to painful stimuli (Chandroo et al., 2004; EFSA,
2009a; Sneddon, 2011; Broom, 2016; Lambert et al., 2022).

Each year, a substantial number of fish undergo slaughter for food
production. In Europe, Council Regulation (EC) No 1099/2009 of 24
September 2009 on the protection of animals at the time of killing
recognizes the slaughter process as potentially stressful and painful, thus
requiring the use of stunning methods to induce unconsciousness or
insensibility and to minimize pain and suffering. The Regulation
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establishes specific requirements for the stunning of terrestrial livestock
to safeguard animal welfare at the time of slaughter. However, it does
not explicitly cover fish or aquaculture species, primarily owing to a lack
of sufficient scientific data. This regulatory omission has created a gap in
the legal framework, leaving fish stunning and slaughter practices
largely undefined and non-mandatory. The exclusion of fish reflects the
historical focus of legislation on terrestrial animals, shaped by differ-
ences in farming systems, the technical challenges of stunning aquatic
species, and ongoing debate regarding fish sentience. This gap has sig-
nificant practical implications, including an increased risk of animal
welfare issues, such as ineffective stunning or prolonged suffering due to
the absence of standardized, enforceable guidelines. To mitigate these
risks, there is an urgent need for species-specific legislation and scien-
tifically grounded protocols for fish stunning and slaughter. Although
stunning is not legally mandated for fish, several guidelines, including
those from European Food Safety Authority (EFSA, 2004) and the Hu-
mane Slaughter Association (HSA, 2016), classify available procedures
as stunning methods, combined stunning and killing methods, or killing
methods without prior stunning. These encompass a variety of tech-
niques such as electrical or percussive stunning, iki jime, carbon dioxide
narcosis, asphyxiation, thermal shock, bleeding, and decapitation. The
guidelines emphasize the importance of matching the method to
species-specific physiological and behavioral traits to ensure effective-
ness and minimize suffering.

In the case of rainbow trout, the most commonly used methods are
thermal shock via ice-water immersion and electrical stunning. Both
approaches present distinct welfare concerns and operational limita-
tions, which must be carefully evaluated and addressed in practice.
Rainbow trout holds a significant role in aquaculture, with global pro-
duction reaching 952,691 tons in 2021. In Europe, it is the second most
farmed species, accounting for 193,266 tons that same year (APROMAR,
2024). This high production volume makes the slaughter process
particularly relevant for assessing welfare standards.

The main challenge associated with ice-water immersion, despite its
perceived effectiveness due to the abrupt temperature drop that reduces
brain and metabolic activity (EFSA, 2004), is that it is generally regar-
ded as less favourable from an animal welfare perspective because of its
slow induction of brain dysfunction and delayed loss of sensibility,
leading to death by asphyxiation. Although it rapidly reduces carcass
temperature, beneficial for preservation and refrigeration (Sampels,
2015; Saraiva et al., 2024), it may cause prolonged suffering, as un-
consciousness is not immediate and likely results from hypoxia (EFSA,
2004; HSA, 2016). This stress can be evidenced by elevated cortisol
levels (Abdel-Tawwab et al., 2019). In contrast, electrical stunning can
induce immediate unconsciousness by triggering a paroxysmal depo-
larization shift, like an epileptic seizure, resulting in either temporary or
permanent cessation of brain activity (Morzel et al., 2003; Lambooij
et al., 2010; Bermejo-Poza et al., 2021). However, the effectiveness and
reversibility of this method depend on electrical parameters such as
current type, frequency, intensity, voltage, and duration (EFSA, 2004;
Oliveira Filho et al., 2016). For rainbow trout, a cold-water species
tolerant of 0-25°C and adapted to low temperatures (Aho and Vornanen,
2001), ice-water immersion may be less effective due to its thermal
resilience. As water temperatures vary by location and season, and are
rising because of climate change, the effectiveness of stunning methods,
particularly ice-water immersion, must be reassessed (Reid et al., 2009;
Van Vliet et al. 2013; Zampacavallo et al., 2015). Understanding these
effects is vital to ensuring fish welfare during stunning and slaughter.

The impact of stunning methods on sensibility, consciousness and
overall animal welfare must therefore be carefully assessed. Following
stunning, it is essential to confirm insensibility and monitor for any signs
of recovery to ensure that slaughter occurs during unconsciousness,
thereby safeguarding animal welfare (EFSA, 2004; Council Regulation,
2009). In this context, unconsciousness refers to the inability to perceive
the environment or respond to stimuli, including pain, as a result of
disrupted brain activity. Stunning aims to render fish unconscious,
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preventing pain and fear, whereas slaughter without prior stunning
significantly compromises welfare (EFSA, 2004, 2006). In fish, assessing
consciousness using electroencephalography is impractical in commer-
cial settings because of its invasive and time-consuming nature (Kestin
et al., 2002). Instead, behavioral and reflex indicators are commonly
used, as in other species (Verhoeven et al., 2015). For fish, these in-
dicators include respiratory patterns, posture or balance, the
vestibulo-ocular reflex (VOR), and responses to painful or electrical
stimuli, though they must be species-specific (Kestin et al., 2002; HSA,
2016). These indirect measures, also employed in anesthesia assess-
ments, help determine the anesthetic stage (Bowman et al., 2019).
Sneddon (2012) likewise determined the anesthetic stage using indirect
measurements, including responses to painful stimuli that may manifest
as reflex actions during a state of insensibility.

Incorrect or ineffective stunning compromises welfare. When
exposed to stress, animals initiate a physiological stress response that
disrupts homeostasis (Toni et al., 2019), which occurs in three phases:
primary (catecholamine release), secondary (cortisol via the
hypothalamic-pituitary-interrenal axis, HPI), and tertiary (physiological
deterioration) (EFSA, 2009a; Ellis et al., 2012). Acute stress increases
glucose, lactate, and triglycerides levels through gluconeogenesis,
glycogenolysis, and lipid catabolism. Triglyceride breakdown produces
non-esterified fatty acids (NEFAs) (Menezes et al., 2015), while anaer-
obic glycolysis raises lactate dehydrogenase (LDH) activity, and creatine
phosphokinase (CPK) supports alternative energy production (Saks
et al., 1978).

This study evaluated the effects of different electrical current in-
tensities on rainbow trout, taking into account seasonal variations in
pond water temperature and the broader context of climate change. The
primary objective was to assess the impact of three stunning methods
under varying climatic conditions on sensibility, stress-related blood
parameters, and recovery capacity. Additionally, the study aimed to
identify effective electrical parameters that reliably induce insensibility
while maintaining fish welfare. A further goal was to determine whether
each method results in reversible or irreversible insensibility, thereby
classifying it as either a stunning method or a combined stunning-
slaughter method. This distinction is critical for establishing appro-
priate welfare protocols in aquaculture practice.

2. Materials and methods
2.1. Fish and rearing conditions

Pan-size rainbow trout (Oncorhynchus mykiss) with a mean weight of
350 + 6.21 g and a mean standard length of 28.8 + 0.17 cm were
sourced from the commercial fish farm Cifuentes (Guadalajara, Spain)
and reared at the fish farm of the Technical School of Forest Engineering
and Natural Environment, Polytechnic University of Madrid (Madrid,
Spain). Fish were maintained in a recirculating aquaculture system with
a water inflow rate of 0.5-1L/s and a weekly water renewal rate of
20 %. They were housed in a single raceway (6.7 m length x 1.2 m width
x 0.65m depth) at a stocking density of 25 kg/m® with supplementary
aeration system. Water quality was assessed trough dissolved oxygen
(8.0 £0.3mg 02/L), pH (7.0 +0.2), alkalinity (40.7 + 14.2 mg/L), un-
ionized ammonia (0.05 =+ 0.01 mg/L), nitrite (0.25+ 0.05mg/L) and
nitrate (34.3 + 2.51 mg/L). Fish were fed a granulated diet (EFICO YS
887F 3, BioMar) at a daily ration equivalent to 1.5% of their body
weight. The study was conducted during two seasons: winter and sum-
mer. In winter (February), the rearing water temperature was 8.67 +
0.04 °C, with a photoperiod of 11 h light and 13 h dark, and cumulative
precipitation of 1 L/m2. In summer (June), water temperature reached
22.3 + 0.04 °C, with a photoperiod of 15h light and 9 h dark, and cu-
mulative precipitation of 24.9 L/m2. Prior to experimentation, all fish
underwent a two-week acclimation period in each season to ensure
adaptation to the rearing conditions. Fish were not subjected to
crowding or fasting prior to stunning.
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Fig. 1.. Electrical current applied in the electric stunning methods. E200: 200 mA 0.2 sec, 90 V, 50 Hz; E400: 400 mA 0.5 sec + 200 mA 1.5 sec, 90 V, 50 Hz.

2.2. Stunning methods studied

The stunning methods applied included thermal shock alone and two
variations of electric shock combined with thermal shock. Thermal
shock was performed by immersing each fish in ice water maintained
consistently below 2 °C for 32 min during both summer and winter tri-
als. Based on EFSA (2004) recommendations, a maximum temperature
of 2 °C was established to ensure the induction of unconsciousness in
rainbow trout. A 1:1 water-to-ice ratio was used, allowing consistent
temperature control and facilitating the monitoring of sensibility
indicators.

For electrical stunning, a dry method was employed. Each fish was
manually restrained, and the head positioned between two electrodes to
ensure effective current delivery to the brain. The first variation (E200)
involved the application of alternating current at 200 mA for 2s (90 V,
50 Hz). The second variation (E400) used 400 mA for 0.5 s, immediately
followed by 200 mA for 1.5s, also at 90V and 50 Hz. Both electrical
protocols were followed by immersion in ice water under the same
conditions as the thermal shock method (ICE) for 32 min (Fig. 1).

The electrical parameters used in this study were selected based on
the recommendations of Robb et al. (2002), who proposed that a min-
imum current of 100 mA at 50 Hz for at least 1 s is necessary to effec-
tively stun fish. Alternating current was chosen due to its reported
welfare advantages in other species, such as poultry (Siqueira et al.,
2017) and fish (Oliveira Filho et al., 2016), particularly because of its
ability to induce a prolonged state of insensibility. EFSA (2004) also
noted that lower frequencies, such as those in the 50-100 Hz range, are
associated with longer periods of unconsciousness. Specifically, a cur-
rent of 400 mA has been found effective for stunning salmon (Salmo
salar) (Robb et al., 2002; Zampacavallo et al., 2015). In this study, a
combination of 400 mA and 200 mA was applied to reduce exposure
time to the higher current, as intensity is a primary factor contributing to
tissue damage in electrical injuries (Schulze et al., 2016). The use of a
lower-intensity current (200 mA) was further supported by findings in
catfish species, where combining electrical and thermal shock reduced
the need for high electrical parameters while maintaining stunning
effectiveness (Sattari et al., 2010).

2.3. Experimental design

2.3.1. Study of sensibility state and blood parameters

To evaluate the state of sensibility and blood parameters associated
with the stress response and energy metabolism, a total of 90 rainbow
trout were used for each combination of stunning method and season (n
= 15 per group). Animals were captured by net and stunned in an
alternating sequence to ensure that no two consecutive fish were sub-
jected to the same stunning method. Each fish was individually placed
into a fresh ice-water mixture to monitor sensibility at 4-minute in-
tervals over a total period of 32 min. The ice-water mixture was replaced
between individuals to prevent dissolved oxygen depletion. An adapted
version of the assessment protocol developed by Morzel et al. (2003)
was used to determine the level of insensibility. This evaluation was
based on the presence or absence of key indicators: breathing, body
position, response to pain (puncture), and the VOR (Table 1 and
Table 2).

The interpretation of sensibility scores was guided by comparisons
with an anesthetic assessment protocol for fish proposed by Sneddon
(2012). This protocol includes three of the four parameters assessed in
the present study and establishes that responses such as puncture reac-
tion or arrhythmic breathing can occur even under light, surgical, or
non-recovery anesthesia. These responses are associated with Score 1
and are still considered indicative of an insensible state. Therefore, it is
not necessary for all parameters to show a lack of response to classify a
fish as insensible. In present study, a combination of parameters corre-
sponding to Scores 1 and 2 was interpreted as an insensible state of
varying depth. Conversely, the appearance of Score 3, characterized by
the ability to regain posture, was considered indicative of a return to
sensibility, as it is regarded as a response consistent with a sensible or
consciousness state.

After stunning, a 1 mL blood sample was collected from the caudal
vein and preserved in ethylenediaminetetraacetic acid (EDTA) for the
analysis of cortisol, glucose, lactate, LDH, triglycerides, non-esterified
fatty acids, and CPK. Measuring these blood parameters helps to assess
the physiological stress response and energy expenditure associated
with the stunning process and the season. Cortisol was measured using

Table 1

Behavioral and reflex parameters indicative of the sensibility state including the evaluation method for each one.
Parameter Location Protocol Observations
Breathing In water Observation Opercular movement and rhythmicity
Position In water Position with belly facing up Ability to regain natural position
Puncture In water Puncture in the tail (needle) Response to painful stimulus
Vestibulo-ocular reflex In air Turning the fish from vertical to horizontal Eye movement
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Table 2
Score indicative of the sensibility state in relation to the response of different
behavioral and reflex parameters.

Score Score criteria

Score 1 Absence of rhythmic opercular movements
No attempt to regain posture
No response to puncture in the tail

No eye movement (absence of vestibulo-ocular reflex)

Score 2 Irregular, reduced, deeper, or faster opercular movements

Slow or delayed attempt to right itself

Slow escape attempt to puncture in the tail

Slow and delayed eye movement (reduction of vestibulo-ocular reflex)
Score 3 Regular, slow opercular movements

Immediate attempt to right itself/regain posture
Clear escape attempt to puncture in the tail
Clear eye movement (presence of vestibulo-ocular reflex)

an enzyme-linked immunosorbent assay with a commercial kit from
Radim Iberica S.A. (Barcelona, Spain), following the manufacturers
protocol. Glucose and lactate levels were quantified using enzymatic-
spectrophotometric methods from Spinreact S.A. (Sant Esteve de Bas,
Spain). LDH activity was determined according to the method described
by Furné et al. (2012), which detects the conversion of pyruvate to
lactate through the oxidation of NADH. Triglyceride levels were
measured using a fully enzymatic method with a commercial kit from
Boehringer Mannheim (Barcelona, Spain). NEFA concentrations were
assessed via an enzymatic-colorimetric method with commercial kits
from Randox Diagnostics (London, UK). CPK levels were analyzed using
a Roche/Hitachi 717 Chemistry Analyzer (Roche Diagnostics, S.L., Sant
Cugat del Valles, Spain), based on the conversion of creatine phosphate
to creatinine at 340 nm.

2.3.2. Study of recovery ability

To evaluate the recovery ability of rainbow trout following stunning,
a total of 216 fish were used. Fish were captured by net and stunned by
the three stunning methods studied in an alternating sequence to ensure
that no two consecutive fish were subjected to the same method. After
stunning, each fish was immersed in an ice-water mixture (1:1 ratio) for
4, 16, 20, or 32 min (n = 9 per time point/season). Following immer-
sion, trout were transferred to rearing tank water, where recovery was
individually monitored over a 10-minute period. This procedure
allowed for the assessment of the time required for fish to regain sen-
sibility and, in cases where recovery did not occur, to determine the
duration of ice exposure required to induce death. Recovery was eval-
uated using the same sensibility assessment protocol applied earlier,
focusing on progressive indicators of regained consciousness over time.
Special attention was given to respiratory activity and the ability to
recover normal posture, as outlined in Table 3. To avoid handling, fish
were initially placed in a supine position (belly-up), allowing non-
invasive observation of postural recovery.

These scores distinguish between states of sensibility and insensi-
bility based on two key parameters: respiratory rhythm and the ability to
regain body position. Respiratory rhythm is a critical indicator of
anesthetic depth, as regular, rhythmic breathing is only observed in
conscious animals (Sneddon, 2012). Similarly, the ability to regain po-
sition is considered a voluntary, conscious movement. Based on the
combination of these two indicators, Scores 1 and 2 were classified as

Table 3
Score indicative of the sensibility state based on respiratory move-
ments and the ability to regain position.

Score Score criteria

Score 1 No signs of recovery

Score 2 Arrhythmic opercular movements
Score 3 Rhythmic opercular movements
Score 4 Recovery of position
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representing an insensible state, while Scores 3 and 4 were indicative of
a return to sensibility.

2.4. Statistical analysis

Statistical analysis was conducted using GraphPad Prism version
9.0.0.121 (GraphPad Software Inc.). Normality and variance homoge-
neity of blood parameters and insensibility duration were assessed using
the Shapiro-Wilk and Bartlett’s tests. A two-way ANOVA was performed,
with stunning method (ICE, E200, and E400) and climatic conditions
(winter and summer) treated as fixed effects, including their interaction.
Post-hoc comparisons of means were carried out using the Tukey test,
with statistical significance set at p < 0.05. Data on sensibility state and
recovery ability scores were analyzed using the Kruskal-Wallis test, with
Dunn’s multiple comparison test for post-hoc analysis (p < 0.05). The
proportion of individuals that regained sensibility was analyzed using
contingency tables, applying Fisher’s exact test for comparisons, and
pairwise assessments were conducted when statistically significant dif-
ferences were observed (p < 0.05).

3. Results and discussion
3.1. Study of sensibility state

The use of stunning methods prior to fish slaughter is essential to
ensure that individuals remain insensible until death (Council Regula-
tion, 2009). The results of the sensibility state study indicate that the
effectiveness of stunning methods varied according to season (Fig. 2 and
Table 4). Climatic conditions were a significant factor, with all stunning
methods proving more effective during summer than in winter. This
highlights the importance of considering species-specific factors, as
rainbow trout are a cold-water species, and elevated temperatures may
influence their physiological responses (Bordignon et al., 2024).

The higher-intensity electrical stunning (E400) effectively abolished
behavioral and reflex responses related to sensibility. In winter, fish
exposed to E400 showed no response in position or the vestibulo-ocular
reflex (VOR), maintaining Score 1 post-stunning, while puncture
response and breathing reached Score 1 by 8 min. In contrast, fish reared
in summer exhibited no responses across all parameters immediately
after stunning.

For the E200 group, winter-reared fish displayed Score 1 for position
recovery immediately after stunning, but breathing, puncture response,
and VOR remained at Score 2. These parameters fluctuated between
Scores 1 and 2 over the 32-minute assessment period, indicating reduced
or absent responses. In summer, the E200 group showed an immediate
absence of all responses, similar to the E400 group. Kestin et al. (2002)
noted that the absence of VOR, along with cessation of breathing, is
typically the last reflex to disappear. Additionally, response to tail
puncture may indicate a reflex action without consciousness (Sneddon,
2012). For the ICE group in winter, all parameters remained between
Scores 2 and 3. However, in summer, the ICE method successfully
abolished all responses (Score 1) between 12- and 24-minutes
post-stunning.

When comparing the obtained scores to the anesthetic assessment
criteria of Sneddon (2012), the E400 group exhibited a state of insen-
sibility, corresponding to deep anesthesia due to the absence of re-
sponses, observed in both winter and summer. The E200 group in winter
was in a state of insensibility, classified between light and surgical
anesthesia owing to the loss of position, which is a conscious behavior.
In summer, the response mirrored that of the E400 group, indicating a
deep anesthesia state. In contrast, the ICE group maintained scores
above Score 2 for all parameters during the winter study period,
demonstrating a strong ability to maintain position. This suggests that
the fish were in a normal state or under light sedation, indicating
ongoing sensitivity. In summer, after 20 min, the fish lost the ability to
regain their position, signalling a state of insensibility. After 24 min, the
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Fig. 2.. Evolution of scores for respiration, position, puncture, and vestibulo-ocular reflex (VOR) at 4, 8, 12, 16, 20, 24, 28, and 32 min (n = 15). Data are shown for
winter (left) and summer (right). ICE: Ice water immersion; E200: Dry electrical stunning at 200 mA for 2 s at 50 Hz and 90 V; E400: Dry electrical stunning at
400 mA for 0.5 s, followed by 200 mA for 1.5 s at 50 Hz and 90 V. Data are presented as mean + SEM. Different letters indicate significant differences between

groups at each time point (p < 0.05).

absence of responses indicated a transition to deep anesthesia.
Thermal shock, achieved through direct immersion in ice water, is a
commonly used stunning-slaughter method (Clemente et al., 2023;
Saraiva et al., 2024). This method requires precise temperature control,
as an effective thermal shock necessitates a minimum temperature dif-
ference of 10°C between the rearing water and the ice water

(Zampacavallo et al., 2015). Achieving this temperature difference can
be challenging during colder seasons in many regions. For species such
as gilthead seabream (Sparus aurata), African catfish (Clarias gariepinus),
and eel (Anguilla anguilla), effective temperatures range from 0 to 1°C,
while for rainbow trout, a temperature of 2°C is recommended (EFSA,
2004). As a result, a maximum temperature of 2°C was set to ensure
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Table 4
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Table of signification of evolution of scores for respiration, position, puncture and vestibulo-ocular reflex at different times (4, 8, 12, 16, 20, 24, 28 and 34 min) in

summer and winter represented in Fig. 2.

Parameter Season p-value
Time (min)
4 8 12 16 20 24 28 32
Breathing w < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
S < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1 1 1
Position w < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0005 < 0.0001
S < 0.0001 < 0.0001 < 0.0001 < 0.0001 1 1 1 1
Puncture w 0.0175 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0003 < 0.0001
S < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1 < 0.0001 1
VOR w < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
S < 0.0001 < 0.0001 1 1 1 1 1 1

VOR: Vestibulo-ocular reflex; W: Winter; S: Summer.

effectiveness, although the 10°C temperature difference was only
reached during the summer trial.

The temperature difference, combined with the cold-water nature of
rainbow trout, may explain why the ICE group maintained sensibility for
up to 32 min during winter ice-water immersion. Previous studies on
optimal rearing temperatures for trout have shown a delayed onset of
insensibility (EFSA, 2009b; Bermejo-Poza et al., 2021) or even pro-
longed periods of sensibility (Southgate and Wall, 2001). Conversely, in
warmer conditions, a more gradual loss of sensibility was observed,
similar to findings in other species such as catfish (Silurus glanis) (Brijs
et al., 2021) and European seabass (Dicentrarchus labrax) (Acerete et al.,
2009; Zampacavallo et al., 2015). These warm-water species exhibit
more reliable stunning effectiveness (Bordignon et al., 2024), which
may explain the longer time (12-24 min) required for rainbow trout to
lose sensibility in summer.

Electric stunning is a widely recognized and effective method for
inducing insensibility in fish (Morzel et al., 2003; Lambooij et al., 2010;
Bermejo-Poza et al., 2021). However, the intensity of the electric current
plays a crucial role in determining both the effectiveness and revers-
ibility of the stunning process, as demonstrated in other species (Beyssen
et al., 2004). The current intensity can also influence product quality by
causing tissue damage (Schulze et al., 2016) or may result in
electro-immobilization without proper stunning, thereby compromising

animal welfare (Robb et al., 2002). The effectiveness of electrical stun-
ning in inducing insensibility in this study aligns with findings in other
fish species, including salmonids (Van de Vis et al.,2003; Bermejo-Poza
et al., 2021), as well as European seabass (Dicentrarchus labrax), turbot
(Scophthalmus maximus), gilthead seabream, and eel (Morzel et al.,
2003; Van de Vis et al., 2003; Lambooij et al., 2010; Zampacavallo et al.,
2015). Kestin et al., (2002) reported that electrical stunning resulted in
the loss of behaviors and reflex responses in eel, sea bream, rainbow
trout, and Atlantic salmon (Salmo salar).

3.2. Blood parameters

Water temperature is a key environmental factor influencing fish
physiology, as fish are poikilothermic organisms. Temperature can
impact energy reserve consumption by increasing basal metabolism,
enhancing animal activity, and accelerating developmental processes
(Myrick and Cech, 2000; Alfonso et al., 2021). It can also exacerbate the
stress response, as high temperatures act as a chronic stressor, particu-
larly for species with lower optimal temperatures, such as rainbow trout
(Wagner et al.,, 1997; Pottinger and Carrucj, 2000; Chadwick et al.,
2015).

In fact, all blood parameters analysed in this study were affected by
climatic conditions, with the exception of cortisol and lactate. Cortisol is

Table 5
Blood parameters of rainbow trout subjected to different stunning methods and climatic conditions (n = 15).
Parameter ICE E200 E400 Mean p-value
Cc St Cecx St

Cortisol (ug/dL) Winter 4.72 £ 1.05 1.49 +0.37 1.88 + 0.64 2.66 + 0.48
Summer 4.75 £ 0.63 3.68 + 0.62 2.11 £0.55 3.51 £0.39 0.1349 0.0002 0.2107
Mean 4.75 + 0.02° 2.59 + 1.09° 1.99 + 0.12°

Glucose (mg/dL) Winter 88.2 + 4.28 86.9 + 4.09 90.2 + 3.04 88.3 +2.23
Summer 78.1 + 3.87 69.1 + 4.62 65.8 + 3.37 71.1 £2.40 < 0.0001 0.3249 0.2156
Mean 83.2+77.9 78.0 £ 8.93 77.9 £12.2

LDH (UI/L) Winter 1248 + 98.8 1234 + 149 1297 + 144 1258 + 75.2
Summer 4795 + 377 3767 + 476 5498 + 985 4668 + 382 < 0.0001 0.1788 0.2218
Mean 3021 +1773 2500 + 1266 3397 + 2100

Lactate (mmol/L) Winter 5.51 4+ 0.26 6.44 + 0.25 6.64 + 0.32 6.24 + 0.18
Summer 6.15 + 0.49 6.06 + 0.25 6.27 £ 0.31 6.16 £ 0.21 0.8840 0.1619 0.2204
Mean 5.83 £0.32 6.25 £ 0.19 6.45 £ 0.19

CPK (UI/L) Winter 47.7 + 8.03 36.7 + 3.69 24.4 +3.14 37.5 + 3.61
Summer 345 £+ 39.4 320 £ 60.8 337 £ 68.9 334 +32.1 < 0.0001 0.8889 0.9442
Mean 196 + 149 178 + 141 180 + 156

Triglycerides (mg/dL) Winter 245 + 22.6 268 + 33.5 231 +25.4 249 +15.9
Summer 145 +10.7 146 + 11.8 141 + 14.8 144 +7.05 < 0.0001 0.8889 0.9442
Mean 195 + 49.9 207 £ 61.1 186 + 44.9

NEFAs (mmol/L) Winter 0.22 + 0.04 0.14 + 0.02 0.07 + 0.02 0.15 + 0.02
Summer 0.35 + 0.04 0.38 + 0.04 0.34 + 0.03 0.35 + 0.02 < 0.0001 0.6301 0.7461
Mean 0.28 + 0.06 0.26 + 0.12 0.20 £ 0.13

Cc: Climatic conditions; St: Stunning; LDH: Lactate dehydrogenase; NEFAs: non-esterified fatty acids; CPK: Creatine phosphokinase; Ice water immersion (ICE); Dry
electrical stunning at 200 mA for 2 s at 50 Hz and 90 V (E200); Dry electrical stunning at 400 mA for 0.5 s and 200 mA for 1.5 s at 50 Hz and 90 V (E400). Data are
presented as mean + SEM. Different letters indicate significant differences between groups (p < 0.05).
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recognized as the main stress hormone (Sadoul, Geffroy, 2019). Plasma
cortisol levels are commonly used as an indicator of stress in fish, as
cortisol is the primary product of the hypothalamic-pituitary-interrenal
(HPI) axis, which is activated in response to stress, leading to increased
blood cortisol levels (Ellis et al., 2012). Cortisol results (Table 5)
revealed a clear effect of the stunning method, with the ICE group
exhibiting the highest cortisol levels compared with the E200 and E400
groups. No significant differences were observed between the electric
stunning groups. Fish stunned with electric methods followed by
ice-water immersion (E200 and E400) showed lower cortisol release,
possibly due to a reduced stress response linked to the insensibility state
achieved immediately after stunning.

According to Alfonso et al. (2023), baseline cortisol in rainbow trout
maintained at optimal temperatures is approximately 1.7 pg/dl. This
value is close to the levels observed under both electrical stunning
methods (E200 and E400) and considerably lower than those recorded
after ice-water immersion (ICE), suggesting that the ICE treatment
triggers a stronger stress response. Bermejo-Poza et al., (2021) reported
that under similar electrical stunning intensities in cold water, cortisol
levels were lower in fish stunned electrically compared with those
subjected to ice immersion. A similar decrease in cortisol levels has been
noted in fish under anesthesia-induced unconsciousness (Sneddon,
2012). Le et al., (2019) found no differences in cortisol levels between
percussive stunning and anesthesia in Crucian carp (Carassius auratus),
suggesting percussive stunning as a humane method. In contrast, Grans
et al., (2016) observed higher cortisol levels in electrically stunned
Arctic char (Salvelinus alpinus) compared with asphyxia via CO2, while
Acerete et al., (2009) reported that asphyxia produced higher cortisol
levels than live chilling or water asphyxia in European seabass (Dicen-
trarchus labrax). These differences underscore the importance of
species-specific factors, stunning protocols, and environmental condi-
tions in assessing the welfare of finfish during stunning and slaughter.

Carbohydrate metabolism results (Table 5) were influenced by the
season, with notable variations in blood glucose levels, as well as in the
activity of LDH and CPK enzymes. Glucose levels were higher in winter
than in summer, with lower levels observed during the warmer months.
This reduction in glucose during summer may be attributed to increased
energy mobilization due to elevated water temperatures, leading to
greater consumption and depletion of energy reserves. Higher temper-
atures and increased physical activity accelerate metabolic rates in
summer, resulting in a greater reliance on glycogen as an energy source
(Myrick and Cech, 2000; Lea et al., 2015). Previous studies highlight the
impact of heat stress on glucose utilization and energy dynamics,
emphasizing metabolic changes at elevated temperatures (Jiang et al.,
2022; Lin and Meegaskumbura, 2024). For instance, glucose levels in
Nile tilapia decreased when exposed to high water temperatures (Islam
et al., 2020). This hypothesis is further supported by the higher blood
activity of LDH and CPK enzymes in summer. These enzymes showed
lower activity in winter compared with summer and are involved in
carbohydrate catabolism (Saks et al., 1978; Chandel, 2021). In rainbow
trout subjected to chronic heat stress at similar temperatures (24°C), an
increase in liver LDH activity has also been observed (Quan et al., 2021).
Despite the higher enzymatic activity in summer, no statistically sig-
nificant differences were found in lactate levels between seasons or
stunning methods. This may be due to the acute stress induced by the
short duration of stunning, which was insufficient to generate noticeable
lactate production. In rainbow trout subjected to exercise, lactate pro-
duction peaks 4-8 h post-exercise, with only 10-20 % of the lactate
produced entering the bloodstream (Milligan and Girard, 1993).
Therefore, the brief duration of stunning may not have been enough to
cause significant changes in lactate levels. These observations are
consistent with Bermejo-Poza et al., (2021), who reported no differences
in lactate levels between rainbow trout stunned electrically and those
subjected to ice-water immersion. The lack of variation in blood lactate
levels may also reflect the involvement of different physiological
mechanisms involved in lactate regulation. For example, lactate can be
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sequestered in muscle tissue to reduce plasma levels during exercise
(McClelland, 2012), and can be utilized for gluconeogenesis during
periods of high energy demand (Polakof and Soengas, 2008; Talarico
et al., 2023).

Lipid metabolism results, presented in Table 5, showed a pronounced
seasonal influence, with higher triglyceride levels observed in winter
compared with summer, while non-esterified fatty acid (NEFA) levels
were lower in winter than in summer. The decrease in triglycerides
during summer, coupled with the increase in NEFAs, suggests a greater
mobilization of lipid energy reserves. This pattern is consistent with the
catabolism of triglycerides, which results in higher plasma free fatty
acids (Sheridan, 1989; Toni et al., 2019). This shift may also be linked to
the activation of the HPI axis under stress, promoting the mobilization of
energy reserves to counteract the stressor. The rise in NEFAs reflects the
utilization of energy stores by rainbow trout (Toni et al., 2019). In
common carp (Cyprinus carpio), liver metabolism has been reported to
increase under temperature stress (Sun et al., 2019).

Overall, the evaluation of plasma cortisol concentrations revealed
that individuals subjected to electrical stunning exhibited comparatively
lower levels, which, when considered alongside sensibility assessments,
may indicate a potential association with the unconscious state.
Furthermore, the results demonstrate a marked increase in energy
mobilization during the summer period, irrespective of the stunning
method employed. This enhanced mobilization can be attributed to
elevated water temperatures, which intensify metabolic activity in fish
(Alfonso et al., 2021) owing to their poikilothermic physiology. Conse-
quently, fluctuations in water temperature, driven by seasonal and cli-
matic variations, exert a profound influence on the physiological
performance of rainbow trout.

As poikilothermic organisms, rainbow trout metabolic rates, oxygen
consumption, and enzymatic activities are directly modulated by
ambient temperature, increasing under warm conditions and decreasing
at lower thermal regimes (Myrick and Cech, 2000; Lea et al., 2015;
Chang et al., 2020). Rearing this species under elevated water temper-
atures constitutes an additional challenge for trout aquaculture world-
wide. The progressive rise in water temperatures associated with global
climate change is therefore expected to impose considerable thermal
stress, despite the species being adapted to cold-water environments,
thereby increasing energetic demands (Van Vliet et al. 2013; Quan et al.,
2021; Lin and Meegaskumbra, 2024; Ineno et al., 2005). The potential
repercussions of warming environments on rainbow trout aquaculture
have previously been highlighted by Hartman and Porto (2014), who
assessed the growth performance of three strains maintained under
high-temperature conditions.

Based on the analysis of blood parameters, both electrical stunning
methods evaluated appear to be more respectful of animal welfare, as
evidenced by lower cortisol levels. This reduction in cortisol likely re-
flects a diminished stress response, associated with the state of insensi-
bility previously induced by these methods. Additionally, energy
mobilization indicators suggest increased metabolic activity in summer
compared to winter, which can be attributed to higher water tempera-
tures during this season. This heightened metabolic response, in the
context of stress, is consistent with the physiological sensitivity of
rainbow trout, a cold-water species, to elevated temperatures.

3.3. Study of recovery ability

Stunning methods are classified into two categories: stunning and
stunning-slaughter methods. Stunning methods induce unconsciousness
or insensibility in animals in a reversible manner, allowing the possi-
bility of the animal regaining consciousness, and are followed by a
separate slaughter procedure. In contrast, stunning-slaughter methods
cause irreversible unconsciousness or insensibility, leading to the ani-
mal’s death (EFSA, 2004). Stunning is defined as any intentionally
induced process that causes loss of consciousness and sensibility without
causing pain, including processes that result in instantaneous death. The
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primary objective of stunning is to induce a state of insensibility to
facilitate humane killing, which is defined as any intentionally induced
process leading to the death of the animal, while minimizing animal
suffering (Council Regulation, 2009).

Regarding recovery ability (Fig. 3), after 10 min of recovery, the ICE
group consistently maintained a Score 4 (regained position), regardless
of the duration of ice-water immersion during winter. In summer,
however, recovery in the ICE group was progressively impaired with
longer immersion times, as fish failed to reach Score 4 even after 32 min.
In contrast, fish subjected to electrical stunning exhibited incomplete
recovery, particularly those exposed to the higher current intensity
(E400), with scores between 2 and 3 (failure to regain position) in
winter. In summer, the recovery of electrically stunned fish (E200 and
E400 groups) was severely compromised, with most fish displaying a
Score 1 (absence of opercular movements).

Regarding the percentage of fish that regained sensibility (Table 6),
during winter rearing, nearly all groups exhibited a high recovery rate
(exceeding 55 % of fish), irrespective of the duration of ice-water im-
mersion. Notably, fish in the E400 group demonstrated a significantly
lower recovery rate, with only 16.6 % recovering after 32 min of im-
mersion In contrast, during summer, the recovery ability of the E200 and
E400 groups was markedly impaired, with no fish recovering after im-
mersion (0 % recovery). The ICE group consistently maintained a high
recovery rate for all fish up to 32 min of immersion, after which 83 %
were able to recover.

The recovery ability of fish is crucial to determine the timing for
subsequent processes in the production chain. Table 7 illustrates sig-
nificant interactions between stunning method and season, regardless of
the duration of ice-water immersion. After 4 and 16 min of immersion,
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electrical stunning (E200 and E400) during summer produced the
longest periods of insensibility compared to the other treatments,
whereas the ICE group exhibited the shortest duration, independent of
the season. After 20 min, a similar trend was observed, with the E200
and E400 groups showing the highest periods of insensibility in summer,
followed by the E400 group in winter. Finally, after 32 min of ice-water
immersion, the E200 group in summer and the E400 group in both
seasons continued to show the longest insensibility times, followed by
the E200 group in winter and the ICE group in summer, with the ICE
group showing the shortest duration in winter.

Rainbow trout stunned in summer experienced a longer period of
insensibility than those stunned in winter. Moreover, ice-water immer-
sion stunning (ICE) in summer induced insensibility lasting 1-3.6 min, a
phenomenon not observed during winter. In contrast, electrical stunning
at 200 mA in summer was the most effective, producing a total insen-
sibility duration of 10 min, independent of the ice-water immersion
time. In winter, however, the insensibility period ranged from 2.39 to
3.06 min. Finally, the E400 group showed prolonged periods of insen-
sibility in both winter and summer.

The recovery ability results emphasize the combined influence of the
stunning method and seasonal conditions. Electrical stunning followed
by live chilling can be considered either reversible or irreversible,
depending on the duration of ice-water immersion. In the ICE group,
recovery capacity was affected only when immersion time in ice-water
was extended. Electrical stunning alone may likewise be classified as
reversible or irreversible, depending on the electrical parameters used
(EFSA, 2004). These findings align with previous studies conducted on
salmonids reared under optimal temperature conditions. For instance,
recovery within eight minutes was observed in salmon after electrical
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Fig. 3.. Score obtained by individuals at ten minutes of recovery in winter (up) and summer (down), after being kept for different times (4 min, 16 min, 20 min,
32 min) in a mixture of ice water, with recovery assessed over a total of 10 min in water from the rearing pond (n = 9). ICE: Ice water immersion; E200: electrical
stunning at 200 mA for 2 s at 50 Hz and 90 V; E400: dry electrical stunning at 400 mA for 0.5 s and 200 mA for 1.5 s at 50 Hz and 90 V. Data are presented as mean
+ SEM. Different letters indicate significant differences between groups (p < 0.05).
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Table 6
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Percentage of trout individuals with the ability of recover sensibility after different stunning methods (n = 9).

% of recovery

Time in ice Winter p-value Summer p-value
ICE E200 E400 ICE E200 E400

4 min 100 100 100 1 100* oY 0Y < 0.0001

16 min 100* 77.7° 55.5¢ < 0.0001 100" 0* 33.37 < 0.0001

20 min 100* 88.8° 66.6° < 0.0001 100* 0* 16.67 < 0.0001

32 min 1007 100* 16.6° < 0.0001 83.3* oY 07 < 0.0001

ICE: Ice water immersion; E200: Dry electrical stunning at 200 mA for 2 s at 50 Hz and 90 V; E400: Dry electrical stunning at 400 mA for 0.5 s followed by 200 mA for

1.5s at 50 Hz and 90 V. Different letters indicate significant differences between groups (p < 0.05) —

b ¢ winter / * ¥ % summer.

Table 7
Time that rainbow trout individuals remained under a state of insensibility (Score 1 and 2) after different stunning methods (n = 9).
Time in ice ICE E200 E400 Mean p-value
Cc St Cecx St
4 min Winter 0.00 + 0.00° 2.39 + 0.81% 4.50 + 0.99" 2.30 £ 0.54
Summer 1.00 + 0.63¢ 10.0 + 0.00* 10,0 £+ 0.00* 7.00 £ 1.05 < 0.0001 < 0.0001 < 0.0001
Mean 0.40 + 0.27 5.43 +£1.10 6.70 £ 0.93
16 min Winter 0.00 + 0.004 2.33 + 1.45° 6.00 + 1.46°" 2.78 + 0.82
Summer 1.17 + 0.48 <4 10.0 + 0.00* 7.33 £ 1.71% 5.94 +£1.09 0.0018 < 0.0001 0.0200
Mean 0.47 £ 0.24 5.07 +£1.37 6.53 £ 1.09
20 min Winter 0.00 + 0.00° 1.67 £ 1.11¢ 5.33 + 1.27° 2.33 £0.69
Summer 1.50 + 0.56° 10.0 + 0.00* 9.67 + 0.33% 7.06 + 0.98 < 0.0001 < 0.0001 0.0016
Mean 0.60 £+ 0.29 5.00 +1.27 7.07 £ 0.94
32 min Winter 0.00 £ 0.00¢ 3.06 + 1.03" 9.83 £ 0.17% 3.60 + 0.88
Summer 3.60 + 1.69° 10.0 &+ 0.00* 10.0 & 0.00* 7.87 £ 0.96 < 0.0001 < 0.0001 0.0012
Mean 1.29 + 0.74 5.54 +1.12 9.91 £+ 0.09

Cc: Climatic conditions; St: Stunning; ICE: Ice water immersion; E200: Dry electrical stunning at 200 mA for 2 s at 50 Hz and 90 V; E400: Dry electrical stunning at
400 mA for 0.5 s followed 200 mA for 1.5 s at 50 Hz and 90 V; Data are presented as mean + SEM. Different letters indicate significant differences between groups

(p < 0.05).

stunning at 4.6 A (Van de Vis et al., 2003), and in rainbow trout sub-
jected to various electrical parameter combinations, although some fish
did not fully recover (Robb et al., 2002). Electrical stunning has also
been reported to be reversible in gilthead seabream at 400 mA for
10 min but ineffective at 200 mA (Van de Vis et al., 2003), and irre-
versible in seabass (Zampacavallo et al., 2015). The effectiveness of the
ice-water immersion depends largely on the temperature differential
(Zampacavallo et al., 2015); the greater the temperature difference be-
tween the rearing water and the ice-water mixture, the more effective
the stunning process. This likely explains why the method is more
effective in summer than in winter.

4. Conclusions

Electrical stunning combined with ice-water immersion was highly
effective in quickly inducing insensibility, whereas ice-water immersion
alone proved less effective in winter, likely due to reduced thermal
shock. Additionally, fish subjected to electrical stunning showed lower
cortisol levels, indicating a reduced stress response. Blood parameters
revealed a greater mobilization of energy reserves in summer, linked to
increased metabolism and thermal stress at higher temperatures, with
no significant differences observed between stunning methods. This
study also provided insights into reversibility, recovery percentage, and
recovery time for the different stunning methods. In winter, all stunning
methods were reversible, whereas in summer, the combination of elec-
trical stunning with ice-water immersion became irreversible, and
reversibility in ice-water was compromised. Given these results, con-
ducting electroencephalograms to assess consciousness levels and their
relationship with sensibility could offer a more precise measure of fish
welfare in relation to stunning methodologies.

These findings highlight the important role of climatic conditions in
determining the effectiveness of stunning methods and their impact on
fish welfare. They emphasize the need to adjust electrical parameters

and stunning handling techniques to accommodate seasonal tempera-
ture fluctuations. Furthermore, the study underscores the growing
impact of climate change and rising water temperatures on aquaculture
practices, stressing the need to adapt stunning methods and manage-
ment strategies to increased environmental variability. These findings
have practical implications for aquaculture operations, particularly in
optimizing slaughter protocols to improve both animal welfare and
product quality. By identifying effective combinations of stunning
methods and considering seasonal temperature variations, producers
can adopt more humane and efficient practices. Adjusting electrical
parameters and immersion times according to environmental conditions
can help ensure consistent insensibility and reduce stress responses. This
research offers actionable guidance for industry stakeholders aiming to
refine slaughter techniques in line with ethical standards and evolving
regulatory expectations.
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